Abstract Six-years (2010Six-years ( -2015 of snow lightning characteristics and climatology, including seasonal, diurnal, and surface temperature distribution, are generated. The World Wide Lightning Location Network (WWLLN) and the National Lightning Detection Network lightning observations are collocated with Modern-Era Retrospective Analysis for Research and Application (MERRA-2) temperatures. Cold season lightning events are identified as lightning with the MERRA-2 two-meter surface temperature colder than 0°C and then further classified as snow lightning or thundersnow, when the entire vertical temperature profile is below 2°C, and as freezing rain lightning when there is a temperature warmer than 2°C somewhere in the column above the freezing surface. The statistics of snow lightning events from WWLLN and National Lightning Detection Network are well matched and are consistent with the climatology of thundersnow days reported at ground-based stations over the United States. Using 4 years of observations from the Global Precipitation Measuring Mission Ku band radar, 443 Thunder Snow Features (TSFs) are defined, having a contiguous area of nonzero near surface snow precipitation derived from the Ku band radar and MERRA-2 data, along with collocated WWLLN lightning flashes. The majority (about 394) are found over high mountainous regions such the Himalayas, Tibet, the Andes, and the Zagros mountain regions. Low-elevation TSFs (45) are observed over the continental and coastal regions. Though only a small number of TSFs are identified with 4 years of Global Precipitation Mission data, most TSFs have maximum radar reflectivity above 30 dBZ at temperature colder than −10°C, which indicates the importance of the noninductive charging process in these events.
Introduction
A snowstorm producing lightning and thunder is known as thundersnow. This is a relatively uncommon weather phenomenon (Schultz & Vavrek, 2009) , which usually produces a low number of lightning flashes. For example, during 1 hr of a thundersnow event over Utah during 2002, about 50 cloud to ground (CG) lightning flashes were reported. This is relatively a low number when compared to the hundreds to thousands of lightning flashes per hour that occur in a warm season thunderstorm (Bech et al., 2013; Schultz & Vavrek, 2009) . Thundersnow storms also have convective features, which can produce a large amount of snowfall accumulation in a short period of time (Crowe et al., 2006; Pettegrew et al., 2009 ) that may severely impact the environment, including transportation, aviation, risk of lightning flashes, and other unexpected hazards (Cherington, 2001; Mäkelä et al., 2013; Wilkinson et al., 2013) . Thus, a good understanding of these kinds of weather events could help forecasters and warn the public of upcoming hazards.
Previous thundersnow studies were mostly based either on a case study or over a specific region; many of them are focused on the United States especially. Curran and Pearson (1971) documented the first ever thundersnow statistics over the United States by using 4 years of surface station data. They found only about 76 snowfall events (about 0.07% of the total) that were linked with lightning. Holle et al. (1998) observed thunderstorms that formed at near or below the freezing surface temperature and found that snowfall rates increased in the presence of lightning. Hunter et al. (2001) examined a few cases of different types of frozen precipitation (snow, freezing rain, ice pellets, etc.) associated with lightning in the southeastern United States and found that surface temperature near 0°C is more likely for thundersnow cases. Market et al. (2002) generated a climatology of thundersnow events over the contiguous United States by using 30 years of surface observation data. Consistent with Holle and Watson (1996) , the central United States, eastern Nevada, and Great Lakes states were found to be favorable locations for the occurrence of thundersnow events. Furthermore, to explain the mechanisms behind those favorable locations, U.S. thundersnow events have also been classified based on thermodynamic effects, such as those associated with midlatitude cyclones, orography, coastal effects, lake effect storms, and other types (Market et al., 2002) . They found that, out of 191 total occurrences, the majority of the thundersnow events were caused by midlatitude cyclonic activity (52%), which occurred especially over the central United States, and orographic lifting (16%), which occurred over western states. The preferred month of the year was found to be March, due to the seasonal transition of the climatological position of the polar jet, and no effects of daylight heating were observed. Schultz and Vavrek (2009) highlighted the moisture supply, lifting mechanism, an unstable temperature profile, and cold air below the freezing level as the major ingredients to develop the thundersnow environment. An abundant moisture supply is crucial to form clouds and precipitation, an unstable temperature profile, such as rapid decreasing of temperature with height, provides instability to develop convective storms, and cold air below the freezing level helps precipitation to fall as snow at the surface.
In addition to the climatology of thundersnow, many other past research studies were focused on regional case studies to understand the thermodynamic behavior of thundersnow events. Most of the case studies were centered on the continental United States, such as northern Utah and western New York (Schultz, 1999) , the southeastern United States (Hunter et al., 2001) , the east coast of the United States (Stuart, 2001) , the central and southeastern United States (Schultz et al., 2004) , central Wisconsin (Market et al., 2007) , northern Texas (Hampshire, 2009) , the Texas coast (Dolif Neto et al., 2009) , the midwestern United States , and northern Colorado (Kumjian & Deierling, 2015) . Schultz (1999) found that lake effect snow events with lightning have significantly higher temperatures and dew points in the lower troposphere when compared to lake effect snow events without lightning. In many thundersnow cases, lightning was observed even in the absence of measurable convective available potential energy (Market et al., , 2007 Schultz, 1999) . Outside the United States, only a few thundersnow events have been documented: in the United Kingdom and Ireland (Schultz & Vavrek, 2009 ), Brazil (Dolif Neto et al., 2009 Dolif Neto et al., 2015) , and northeastern Spain, near the Mediterranean Sea (Bech et al., 2013) , along with thundersnow reports in the Western Hemisphere (Herschel, 1888) , Mount Everest, Canada, Finland, the Sea of Japan, and the North Sea (Schultz & Vavrek, 2009 ).
The generation of the lightning in a storm is largely dependent on charge structure and charge separation in the cloud. The mechanism of charge separation in the storm is not fully understood yet. Several hypotheses have been proposed to describe the charge separation process. In general, the two main categories are those that depend on convective currents (the convective charging hypothesis; e.g., Grenet, 1947; Vonnegut, 1953, etc.) and those that involve charge transfer during particle interactions (such as inductive and noninductive process; e.g., Mason, 1972; Reynolds et al., 1957; Saunders, 1993, etc.) . However, in recent years, it has been widely accepted that the rebounding collisions of graupel and small ice crystals play a vital role for charge separation and electrification of storms (Reynolds et al., 1957; Takahashi, 1978; Takahashi & Miyawaki, 2002) . This is described by the noninductive charging theory (Latham et al., 2007) . The presence of ice crystals, graupel, and supercooled liquid water in the temperature regions between −10°C and −20°C is the most suitable and favorable conditions for charge separation (Deierling et al., 2008; Saunders & Peck, 1998; Takahashi, 1978) . Radar properties such as area and volume of the 30-dBZ region colder than the −5°C isotherm can be used as a proxy to describe the charge separation (Deierling et al., 2008; Kalb et al., 2014; Lavigne et al., 2017; Liu et al., 2012) . In addition to the climatological and thermodynamic behaviors of thundersnow events, there have been a few studies based on the radar observations and their signatures.
A Japanese wintertime thundercloud study using dual polarization radar observations showed that the most suitable region for the rebounding collisions of ice particles and graupel is near the −10°C isotherm level (Maekawa et al., 1992) . Schultz et al. (2004) analyzed the radar imagery of convective snowfall events, specifically snow bands created by horizontal convective rolls, and concluded that these snow bands produce heavier snowfall compared to localized bands produced by lake effect processes. During western Mediterranean thundersnow events, weather radar observation has shown that most of the storms have a maximum radar reflectivity below 40 dBZ and echo tops below 4 km (Bech et al., 2013) , whereas a northern Colorado thundersnow event experienced radar echoes of greater than 40 dBZ (Kumjian & Deierling, 2015) .
To date, no complete global study of thundersnow events has been conducted; past studies were only focused either on a regional or a case-by-case basis because of the lack of proper global-scale observations. However, after the launch of the Global Precipitation Mission (GPM) satellite (Hou et al., 2014) in February 2014, near global (65°S-65°N) snowfall observations are possible, due to its midlatitude to high-latitude coverage. The GPM Ku-band Precipitation Radar (KuPR) can detect heavier snow associated with reflectivities greater than~12 dBZ (Hamada & Takayabu, 2016) . Figure 1 shows an example of a snowfall event over northern New Mexico in the United States observed by the GPM satellite on 6 April 2014. The near surface wet bulb temperature from the ModernEra Retrospective Analysis for Research and Application (MERRA-2, Gelaro et al., 2017) model during that event is nearly −3°C, and the KuPR-detected maximum near surface reflectivity is~40 dBZ. The National Lightning Detection Network (NLDN, Cummins et al., 1998; Cummins & Murphy, 2009) What are the properties of vertical radar reflectivity during thundersnow events?
To address the above questions, we define the snow lightning by collocating NLDN and WWLLN lightning with meteorological variables from MERRA-2. We compare the characteristics and climatology of NLDN and WWLLN snow lightning with ground station reports. We also present the geographical distributions of thundersnow features and their properties observed by the GPM Ku band radar. The data set descriptions are presented in section 2 followed by the methods in section 3, results in section 4, discussion in section 5, and summary in section 6.
Data Sets

WWLLN
WWLLN is a global ground-based lightning network, which locates lightning by using the very low radio frequency (VLF; 3-30 kHz) emissions from a lightning stroke (Abarca et al., 2010) . It has been collecting lightning data from April 2004 to the current date. The very low radio wave frequency emitted by lightning strokes is monitored by more than 70 receiving locations worldwide. The lightning locations are identified by a time-of-group-arrival method (Dowden et al., 2002) in which the VLF sferic (the dispersed waveform) is detected by at least five stations within a 5-km radius and a 15-μs time span. CG and Intracloud (IC) lightning are not distinguished in the data set, even though both are detected. The detection efficiency of WWLLN lightning varies with location as well as time of day. Due to upgrades in the lightning network, changes in the sensitivity of the sensors, and different data processing methods, its detection efficiency improves with time over the years. The current detection efficiency ranges from 11% to more than 30%, depending upon whether the stroke has low-or high-peak current lightning discharges, respectively (Abarca et al., 2010; Hutchins et al., 2012; Rodger et al., 2004) . Although the detection efficiency of WWLLN is low, it is sufficient to identify lightning-producing storms (Jacobson et al., 2006) . 
NLDN
The NLDN is a ground-based lightning detection network that has more than 100 sensors across the continental United States and has been collecting data since 1989 (Cummins & Murphy, 2009; Nag et al., 2014) . It detects lightning flashes using a combined method of magnetic direction information and a time-of-arrival technique. The sensors measure arrival time, arrival azimuth, or both by using both VLF and low-frequency (LF; 30-300 kHz) emissions from lightning strokes. The arrival time accuracy is~1.5 μs, and the azimuthal accuracy is expected to be~1° (Said et al., 2010) . NLDN distinguishes both CG and IC flashes with~90% classification accuracy. It has more than 95% CG flash detection and~55% IC flash detection efficiency. Because of the higher detection efficiency and locational accuracy (< 200 m, Nag et al., 2014) , NLDN can be used not only to detect the cold season lightning events but also to validate the WWLLN lightning flashes over the United States (Abarca et al., 2010) .
MERRA-2
MERRA-2 is the latest atmospheric reanalysis of modern satellite era data. It deploys an upgraded version of the Goddard Earth Observing System 5 atmospheric model data assimilation system and the Global Statistical Interpolation analysis scheme (Gelaro et al., 2017) . Several meteorological variables are provided in the data set. In our analysis, we have used 2-m surface temperature, surface wet bulb temperature, surface pressure, and vertical temperature profile for 42 pressure levels. The temporal resolution of surface data and vertical profiles are 1 hourly and 3 hourly, respectively, with a horizontal resolution of 0.5°× 0.6°. A detailed description of the data sets is found in Gelaro et al. (2017) . Although MERRA-2 is model data, it has relatively better resolutions (temporal: 1 and 3 hr, horizontal:~60 km, and vertical: 42 pressure levels) on a global scale when compared to other available reanalysis and model data such as ERA-Interim (temporal: 6 hr, spatial: 75 km, and vertical: 37 pressure levels; Dee et al., 2011) and the National Centers for Environment Prediction (temporal: 6 hr and spatial:~210 km; Kalnay et al., 1996) reanalysis data.
Surface Station Data
The Global Surface Summary of the Day (GSSD) data are used to validate the snow lightning locations observed by NLDN and WWLLN over the United States. The GSSD data are the daily data obtained from the National Climatic Data Center over 9,000 worldwide stations that provide summaries of basic meteorological variables as well as a flag for weather events such as rain, snow, thunder, and fog. The GSSD data mainly use the Integrated Surface Database (ISD) to archive the meteorological variables and weather conditions. The primary sources of ISD data include automated surface observing system, automated weather observing system, synoptic, airways, Meteorological Terminal Aviation Routine Weather Report (METAR), coastal marine, buoy data, and others. It includes both manual and automated observations (Smith et al., 2011) . The summary of daily data is calculated from at least four observations each day from the ISD. To identify thundersnow days from GSSD, snowfall and thunder days with a maximum surface temperature of less than 0°C are identified. The maximum surface temperature filter is used to make sure these thunder observations are indeed associated with snow events. Surface observations show that below or near 0°C temperature, there is an 85% or more chance that precipitation falls as snow (Sims & Liu, 2015) . Note that weather observation flags are available in the data set to identify the thunder and snow days. We have also used 8 years (2010-2017) of hourly reported surface temperatures from ISD to examine the accuracy of MERRA-2 temperatures. The ISD hourly surface temperatures are retrieved from more than 2000 stations over U.S. region for winter season (December-January-February).
GPM Observations
The GPM core observatory satellite has been in the orbit since February 2014, with the first spaceborne dualfrequency precipitation radar, operating at Ku (13.5 GHz) and Ka (35.5 GHz) bands (Hou et al., 2014) . Because of the increased radar sensitivity (~12 dBZ) (Hamada & Takayabu, 2016) and high inclined orbit (65°), GPM can be used to detect snowfall in the midlatitude and high latitude. The GPM Ku-band radar has already collected millions of snapshots of precipitation systems (Liu & Zipser, 2015) and snow systems (Adhikari et al., 2018) . The near surface Ku-band radar reflectivity is used to retrieve precipitation types, which is reliant on inputs from ancillary environmental data from Japan Meteorological Agency Global Analysis as described in Seto et al. (2013) and the GPM data product file specification (Precipitation Processing System Team, 2014). The Snow Features (SFs) have been identified using a similar approach to that described in Adhikari et al. (2018) , by grouping the contiguous nonzero snow pixels. The MERRA-2 surface wet bulb temperature below 0°C is used to further verify the SFs. Observations show that the probability of precipitation that falls as snow below a 0°C surface wet bulb temperature is more than 85% over both land and ocean (Sims & Liu, 2015) . The details of the collocation process are found in section 3.
Methods
Six years (2010) (2011) (2012) (2013) (2014) (2015) of lightning data from WWLLN and NLDN are collocated temporally and spatially with MERRA-2 temperatures. Snow lightning can be identified as lightning with surface and vertical column temperature near or below freezing.
Those snow lightning are compared with the GSSD data. Furthermore, Thunder Snow Features (TSFs) are defined globally by using the GPM precipitation observations, WWLLN lightning, and MERRA-2 temperatures. With a similar approach to that of defining Precipitation Features (e.g., Liu, 2016; Liu et al., 2008) , SFs are defined by grouping the contiguous area of at least four nonzero solid precipitation pixels observed by GPM Ku-band radar with collocated MERRA-2 surface wet bulb temperature < 0°C. To be consistent with the previous sections, we have used 0°C-wet bulb temperature criteria to define snow. At and below this threshold of surface wet bulb temperature, that is, below 0°C, there is 85% or more chance that precipitation falls as snow (Sims & Liu, 2015) . To determine the lightning flashes in SFs, almost 4 years (March 2014 to December 2017) of SF data have been collocated with WWLLN lightning flashes. From the center of the SF, an imaginary ellipsoid that would fit around the SF is drawn to determine if any WWLLN lightning occurs inside the SF. If at least one cold season lightning flash location is found inside the ellipsoid region within 20 min of the SF's time of occurrence (i.e., 10 min after and before), then this SF is considered to be a possible TSF (e.g., Figure 8 ). Here using ellipsoid area to collocate lightning is arbitrary. Some lightning may occur outside of the ellipse due to the propagation of the system during the 20-min window. However, we are confident that this method captures most of the thunder snow cases with flash rate above 1/20 flash per minute. These features are again verified with the vertical temperature profile of the lower atmosphere from MERRA-2, to avoid possible freezing rain or sleet cases. If the maximum temperature (T_MAX) of the vertical column is greater than 2°C, then these features are considered to be freezing rain or sleet cases and are excluded from the study. The maximum vertical temperature of 2°C can be used to separate freezing rain case because below that threshold, no freezing rain was observed for all melting depths (Zerr, 1997) . This method may exclude the sleet precipitation cases with thunder, but this is not the focus of our study. Based on WWLLN and GPM Ku data, only 443 cases of TSFs are found in 4 years of GPM observations.
Source of Uncertainties and Error
The uncertainty and error analysis while using GPM KuPR precipitation retrievals and collocation process should be considered. The KuPR precipitation retrieval related issues such as detectability, single-frequency retrieval, ground clutter contamination, and precipitation phase at surface are well documented in Adhikari et al. (2018) , and some of the relevant issues are highlighted here. The KuPR misses most of the light snow (reflectivity <12 dBZ) but provides better estimation of heavy snow (reflectivity >20 dBZ). This should not be a big issue in this study, because most of the thundersnow related radar reflectivities are more intense (> 30 dBZ) and well captured by KuPR. Uncertainties in MERRA-2 products, such as diurnal and temporal variation of near surface temperature, could introduce uncertainties in snowfall classification. To understand the accuracy of MERRA-2 temperature in cold environments, the interpolated MERRA-2 temperature is validated with hourly ISD surface stations temperatures. Eight-year (2010 Eight-year ( -2017 hourly winter season (December-January-February) temperatures from more than 2,000 surface stations over the United States are used to calculate MERRA-2 False Alarm Rate (FAR). First, hourly surface temperature at each station is derived by interpolating 1-hourly MERRA-2 two-meter temperature. Then the FAR is defined as fraction of samples with MERRA-2 interpolated surface temperature at station that has surface station temperature greater than 0°C. The FAR is calculated for all weather conditions, snow, and lightning separately in each 1-degree bins and presented in Figure 2 . For all weather conditions, MERRA-2 temperatures FAR is up to 20% when the surface temperature is close to 0°C. At the similar surface temperature range during snow events reported by stations, MERRA-2 FAR is about 15% and during lightning, FAR is about 25% (Figure 2a ). The MERRA-2 FAR significantly decreases with colder temperatures. This indicates that MERRA-2 temperatures near 0°C with thunder and snow might have 15-25% of uncertainty over the United States. The total number of ISD samples that are used to calculate FAR is shown in Figure 2b . However, the uncertainty analysis is only for cases over the United States. The uncertainty in MERRA-2 interpolated temperature could be larger over regions with sparse ground stations. The collocation and interpolation process might involve uncertainties because of the spatial resolution of the MERRA-2 data (~60 km). For example, many of the thundersnow events occur along a gradient where temperature changes rapidly over a small area that might easily include warm flashes (> 0°C) especially over the mountain slopes and coastal regions. Similarly, to define GSSD thunder day, station with snow, thunder, and the maximum temperature at the station less than 0°C are used. This may not represent the temperature dozens of kilometers away, for example, station is over a mountain and a thunder occurred in the valley with a higher temperature.
Although the snow lightning climatology from WWLLN compares well with NLDN over the United States, the changing detection efficiency of WWLLN over other regions of the globe might lead to an underestimation of lightning counts. The thunder locations in the GSSD data might be different than the actual thunder locations because of the traditional method of defining a thunder day.
Results
In the first part of the study, we compare 6 years (2010-2015) of NLDN and WWLLN lightning flashes, when 2-m surface temperature is below freezing (<0°C) in the MERRA-2 data. The MERRA-2 two-meter surface temperature of each flash of WWLLN and NLDN lightning has been determined by collocating lightning flashes with thermodynamic variables from MERRA-2; only those flashes that occur when the 2-m surface temperature is below freezing and T_MAX is below 2°C (so called snow lightning) are considered in this study. The comparison between NLDN and WWLLN includes a snow lightning density map, seasonal, diurnal, and 2-m surface temperature distributions. The second part of the study summarizes the global thundersnow locations identified by almost 4 years of GPM KuPR and WWLLN lightning observations. The radar signatures for each identified TSFs are also summarized.
A Case of Lightning in Freezing Rain or Sleet
There are several types of weather phenomenon where lightning occurs with surface temperature below 0°C snow, freezing rain, sleet etc. Freezing rain is any form of liquid rain that freezes upon contact with the surface or exposed objects (Stewart & King, 1987) . To identify the lightning in snow cases, the lightning in freezing rain or sleet cases has to be identified and excluded from the study. Here lightning in freezing rain or sleet is defined as lightning that occurs when the surface temperature is below the freezing point (<0°C), and the vertical temperature is warmer than 2°C at any point between the surface and 500 hPa.
A case of a lightning freezing rain/sleet event during 17-19 UTC, on 2 March 2014 in Oklahoma, United States, is shown in Figure 3 . NLDN sensors captured more than 17,000 lightning flashes in those 2 hr (17-19 UTC, 2 March 2014) when 2-m surface temperature (color filled) is below 0°C. However, 
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Journal of Geophysical Research: Atmospheres most of these cold season lightning flashes happened when the maximum vertical temperature of the column was between 2 and 12°C (a melting layer; maximum vertical temperature is indicated by the solid black contours). The region where the surface temperature is below zero and maximum vertical temperature is at least 0°C is highlighted by black and red dashed contour, respectively, (Figure 3a) . A skew-T log P diagram of MERRA-2 data has been plotted in Figure 3b . The surface pressure is~978 hPa and the surface temperature is~−15°C. The vertical temperature value of the profile starts to increase with altitude and reaches its maximum value of~7°C at~775 hPa and then starts to decrease with altitude. These kinds of temperature inversion cases during cold season lightning events are considered freezing rain or sleet lightning and have been excluded from this study. Those freezing rain cases may exclude the sleet precipitation as well depending upon the depth of the freezing layer near surface. Snow lightning events only include those cold season lightning flashes when the surface temperature is below 0°C and the vertical temperature at all levels is less than 2°C. We have applied this freezing rain or sleet removal technique to WWLLN and NLDN lightning events as well as the TSFs as described in section 3.
NLDN Cold Season Lightning Statistics Over the United States
Over 6 years (2010) (2011) (2012) (2013) (2014) (2015) , NLDN observed about 675 million lightning flashes over the continental United States. Of the total lightning flashes, about 0.03% (171416 flashes) of the total were observed to be a cold season lightning flash ( Table 1 ). Note that the cold season lightning flashes include both CG and IC flashes, which occur when the MERRA-2 two-meter surface temperature is below 0°C for all months. Curran and Pearson (1971) reported that about 0.07% of snowfall events are associated with lightning during the cool season, and Moore and Idone (1999) reported that about 0.55% of the CG lightning occurs when surface temperature is below freezing. However, their statistics are based on only CG flashes. Pettegrew (2008) (~71%) have multiplicity less than 2, which is consistent with NLDN CG lightning statistics during frozen precipitation (Holle & Watson, 1996) . The cold season lightning flashes are further subdivided into two groups: one where all the vertical temperatures are less than 2°C (so called snow lightning) and other with vertical temperatures of 2°C or greater (so called freezing rain lightning). Out of the total cold season lightning, 21% is reported as snow lightning flashes whereas the rest were identified as freezing rain lightning. About 36% of snow lightning flashes are CG flashes, and 21% of freezing rain lightning flashes are reported as a CG flash. Another item of interest is that about 20% of CG snow lightning has positive flashes, which is more than twice when compared to warm CG lightning flashes (8%, Table 1 ). This fits with recent analysis by Schultz et al. (2018) , which showed that 21 of the 30 flashes observed in their thundersnow study were negative (70%), while remaining 30% flashes were positive. Pettegrew (2008) showed that about 8% of the thundersnow lightning flashes were positive based on a 14-storm study over the central United States. Figure 4 shows the geographical distributions of the snow lightning flash density from NLDN and WWLLN over the United States. The flash density is the average number of snow lightning flashes per square kilometer per year during 2010-2015. The maximum flash density from NLDN is found to be~0.02 km −2 /year, and the favorable locations are over the central, western, and south central United States, and especially Colorado, North Dakota, Wisconsin, and the northern part of New York (Figure 4a ). Past climatological studies have emphasized these locations as favorable for thundersnow events (Holle & Watson, 1996; Hunter et al., 2001; Market et al., 2002; Moore & Idone, 1999; Schultz, 1999) . The causes of thundersnow over the United States have been classified by Market et al. (2002) and include midlatitude cyclonic activity (central United States; Colorado, Oklahoma etc.), orographic forcing (western United States), coastal effects (eastern part; New York, Vermont etc.), and lake effects (near the Great Salt Lake, Lake Superior etc.). Despite the varying detection efficiency, WWLLN shows a similar pattern of snow lightning flash density over the United States in terms of both intensity and spatial distribution (Figure 4b ).
Comparison Between NLDN and WWLLN Snow Lightning Flash Density
To verify the snow lightning density distributions, the percent of thundersnow days at the ground stations during 2010-2015 are estimated by dividing thundersnow days by the total number of sample days and averaging over all the stations in each 1°× 1°box and are presented in Figure 4c . The highest percentage of thundersnow days,~0.7% (~2-3 thundersnow events each year), are observed in Colorado, southern Wyoming, Utah, and North Dakota stations. The central and eastern United States experience an average of 1 thundersnow event in every 2 years ( Figure 4c ). The locations of the snow lightning events from NLDN and WWLLN are well matched with thundersnow days at the ground stations.
Seasonal and Diurnal Variations
The seasonal variation of snow lightning flashes (Figure 5a ) is calculated by dividing the number of snow lightning flashes in each 1-month bin by the total number of snow lightning flashes from NLDN and Note. Note that cold season lightning is defined by lightning when 2-m surface temperature is less than 0°C, snow lightning is defined by cold season lightning with vertical temperature profile less than 2°C, and freezing rain lightning is cold season lightning with T_MAX (the maximum temperature of profile from 500 hPa to surface) greater than 2°C. Also, the warm lightning is defined by lightning when the 2-m surface temperature is above 0°C. NLDN = National Lightning Detection Network; MERRA-2 = Modern-Era Retrospective Analysis for Research and Application; CG = cloud to ground.
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Journal Market et al. (2002) ; however, their peak month of thundersnow events was reported as March (~25%) and followed by February (~20%). They speculated those months are the most favorable because of the migration of the climatological position of the polar jet poleward in spring and equatorward in autumn. The difference in the peak month may be due to that fact different methodologies are used.
To examine the seasonal peak further, the GSSD thundersnow day fractions are used, which are estimated by dividing total thundersnow days by total sample days in each month reported by ground-based observations. The GSSD peak in thundersnow days is found to be in February (Figure 5a , black solid line), and the pattern is consistent with NLDN and WWLLN snow lightning. However, GSSD puts more thunder days in April and May than in March. The discrepancy with Market et al. (2002) in the seasonal peak is probably due to the different criteria being used to define thundersnow events. They used surface snow observations with thunder within a 6-hr temporal and 1,100 km spatial interval to define one thundersnow event. The diurnal variation of snow lightning flashes is calculated for each 1-hr bin based on the local time from both NLDN and WWLLN separately. Each curve in Figure 5b adds up to 100%. NLDN snow lightning shows a nighttime maximum. The frequency of snow lightning starts to increase after sunset and reaches its maximum (~6%) beginning around midnight and lasting until the early morning. Pettegrew (2008) observed a diurnal peak of thundersnow events during 00Z to 04Z. The early morning peak of snowfall (Adhikari et al., 2018) and lake effect snow (Grim et al., 2004; Kristovich & Spinar, 2005) over land in the Northern Hemisphere was also reported. We speculate that the evening time peak might be related to surface heating (Chronis & Koshak, 2017) , and the nighttime maximum is because of the low-level jet, which also reaches a maximum during these hours (Whiteman et al., 1997) and leads to the development of elevated convection. Elevated convection is a key factor in developing the electrified convective snowfall environment (Djuric & Ladwig, 1983) . Similarly, WWLLN shows a diurnal cycle of snow lightning that is consistent with NLDN.
Near-Surface Temperature Distribution
The near surface temperature distributions of NLDN and WWLLN lightning locations are conducted based on the collocated MERRA-2 two-meter surface temperatures. Figure 6a shows the distribution of 2-m surface temperature when both NLDN and WWLLN report lightning, including both cold and warm temperatures. The occurrence of lightning flashes increases with increasing surface temperature up to~22-26°C and decreases for higher temperature values. Although the variations in the surface temperatures are sensitive to lightning activity, the higher surface temperature is not necessarily an indicator of lightning development. It is a result of nonlinear microphysical and thermodynamical processes in the troposphere that are affected by many meteorological variables (Kotroni & Lagouvardos, 2016; Pinto & Pinto, 2008) . The peak lightning occurrence fraction is about 20% when the surface temperature reaches~22-26°C from both networks. The WWLLN distributions compare well with NLDN for both warmer and colder surface temperatures. Although the occurrence of lightning at or below freezing surface temperature is very rare (~0.03% from NLDN and~0.06% from WWLLN), this is the key point for thundersnow and freezing rain events. The temperature distributions during snow lightning events from both NLDN and WWLLN are shown in Figure 6b . The snow lightning frequency has a maximum at near freezing surface temperatures and then gradually decreases with lower surface temperature. Very low fractions of lightning are observed when the surface is~−10°C, and below that point, no lightning is observed from both networks. When the surface temperature is very low, it is less likely to have proper amount of supercooled liquid (Murphy & Koop, 2005) . This indicates that colder surface temperatures (< −10°C) in the relatively weak synoptic snow systems are not a favorable condition to generate lightning, which is also a key element for noninductive charge separation.
WWLLN Snow Lightning Map
Although the detection efficiency and methods of detection are different than NLDN, the WWLLN snow lightning flashes are comparable and well matched with the NLDN over the United States. The snow lightning flash density and distribution are almost identical except over the central United States. The seasonal and temperature distributions also show a similar pattern but slightly different magnitude for cold season lightning cases. Although the WWLLN lightning data set has lower detection efficiency (<35%) than NLDN (> 95% for CG and > 55% for IC), it has shown a consistent performance when compared to NLDN for the snow lightning environment over the United States.
The snow lightning from WWLLN is further analyzed by generating a global flash density map. Note that the density is the average number of flashes in each square kilometer grid box per year. Figure 7a shows the global (65°S-65°N) distribution of the snow lightning in 1°× 1°longitude and latitude grids. The highest snow lightning flash densities are mainly observed in Northern Hemispheric continental regions. The maximum annual snow lightning flash density is found to be~0.02 km −2 /year over the Himalayan region, The WWLLN snow lightning locations over the United States are consistent with GSSD ground-based thundersnow locations, which were already discussed in section 4.3. The locations of WWLLN snow lightning in the vicinity of the Mediterranean Sea, Iran, Turkey, Japan, and some parts of the Russia are also well captured by the GSSD ground stations (Figure 7b ). Over the Southern Atlantic Ocean, ground stations have reported few thundersnow events that are crucial to validate some of the WWLLN snow lightning over these locations. Because of the lack of ground-based stations over many mountainous regions such as the Himalayas, Andes, and Rocky mountains, no thundersnow events are reported by ground-based stations in these regions. Although the detection efficiency limitation of WWLLN may lead to underestimation of lightning frequency over some regions, the climatology of snow lightning regions from WWLLN should provide insight into the thundersnow investigation. Some of these snow lightning locations are consistent with thundersnow events reported by ground-based stations. Figure 8 shows an example of TSFs observed by GPM Ku band radar (orbit no. 20665) at 23:47 UTC on 10 October 2017. During the thundersnow event, MERRA-2 wet bulb temperature is about −2°C and 500-hPa geopotential height is about 5,330 m (Figure 8a ). The contiguous areas of snowing pixels are grouped together, and an imaginary ellipsoid region drawn from the center of the feature as described in section 3 (Figure 8b ). The maximum near surface reflectivity is about 40 dBZ. The TSF is located between the −1 and −3°C isotherms, and the maximum vertical temperature of the column is less than 2°C. Six WWLLN lightning flashes (red crosses) occurred within the ellipsoid region, so this feature is qualified as a TSF. The maximum near surface reflectivity is about 40 dBZ, and its vertical profile is presented in Figure 8c .
Thundersnow Observed by GPM
After applying this method to each feature, only about 443 TSFs are classified globally. The TSFs are further subdivided into two categories based upon the central elevation of the features, that is, one over low elevation (< 2 km) and another over high elevation (> 2 km). Out of 443 TSFs, only 45 are low-elevation (< 2 km) features and the rest are high elevation features. Because the MERRA-2 FAR near freezing surface temperatures during lightning is about 25%, all the low-elevation TSFs are examined individually to avoid the possible false cases. Those with high confidence, that is, entire temperatures of the features below zero (about 26 cases) are termed as cold TSFs, and with those with low confidence, that is, central location temperature below zero but edge of the feature is at boarder of 0°isotherm (about 19 cases), are termed as marginal TSFs. The geographical distribution of the TSFs is presented in Figure 9 , with different colors for different elevation features and confidences. Most of the low-elevation TSFs (about 42) are observed over Northern Hemispheric land, including coastal areas. There are only three TSFs observed over the oceans. The majority of high-altitude TSFs are observed in the Himalayan region and the rest are along the Andes, the Rockies, and the Zagros Mountains. Most of the high elevations TSFs are observed during the late spring. Figure 10a shows a two-dimensional histogram of maximum Ku radar reflectivity versus vertical temperature of SFs. The temperature-dependent radar profiles are used to generate vertical profiles of maximum radar reflectivity at different isotherm levels. Note that the surface observations have been restricted to below the freezing level, so the temperature profiles are at or below the 0°C isotherm. Adhikari et al. (2018) used at least one KuPR snow pixel with surface wet bulb temperatures colder than 1°C to define SFs; however, this study defines SFs with at least four KuPR snow pixels with MERRA-2 wet bulb temperatures colder than 0°C. So several SFs with smaller than four pixels are not included in Figure Figure 10b . The majority of TSFs (about 31) are found over land and have maximum radar reflectivities greater than 30 dBZ at levels colder than −10°C. Similarly, about 10 TSFs are observed in coastal regions. They also have maximum radar reflectivities above 30 dBZ at temperatures cooler than −10°C. There are only three features that are observed over the ocean (Figure 9 ). One important point to note about Figure 10b is that the cold features (blue lines) are entirely below freezing surface temperatures that give more confidence on as being from snow versus marginal features (red lines), which give lower confidence because lightning might occur on warmer side of the feature. The system sizes of the TSFs are not clearly distinguished, but most of the features have an area less than 10,000 km 2 (figure not shown). 
Discussion
About Market et al. (2002) . Apart from the United States, the majority of the lowelevation TSFs are observed in Canada, Europe, in the vicinity of the Mediterranean Sea, Scandinavia, and western Iran. The Japan Sea and eastern Russia also experience TSFs during the almost 4 years of GPM and WWLLN observations.
The charge separation occurs when the small ice crystals and large graupel rebound and collide in the presence of vapor diffusion and supercooled liquid water. This noninductive charging mechanism has been proposed to explain the thunderstorms globally (Latham et al., 2007; Takahashi & Miyawaki, 2002) . The temperature-radar reflectivity profiles are important to describe the noninductive charging process because the charging process is sensitive to temperature rather than vertical height. Therefore, the height dependent radar reflectivity data of each SF and TSF have been converted into temperature coordinates by temporal and spatial interpolation of MERRA-2 reanalysis data.
The high value of radar reflectivity (> 30 dBZ) at colder temperatures (<−10°C) indicates the presence of large ice particles. Trapp et al. (2001) reported a sharp decrease in reflectivity factor at horizontal polarization (Z H ) values with height near the surface during the Oklahoma thundersnow event in 1994. The observed lightning flashes were located downstream of high value of reflectivity core (> 35 dBZ) and higher reflectivity aloft, which are ascribed by graupel. Griffin et al. (2014) found exceptionally high value of Z H (>55 dBZ) and corresponding enhanced differential reflectivity during 2013 northeast United States winter blizzard. Those enhanced differential reflectivity indicated the updraft and generation of the supercooled water in the convective storms that are associated with atmospheric electrification. Pettegrew et al. (2009) and Bech et al. (2013) showed a maximum reflectivity value of >35 dBZ with shallow echo top convection below 4-km height during 2003 eastern Iowa and central Illinois, and 2010 western Mediterranean thundersnow case studies, respectively. Each of the previously mentioned thundersnow case studies were based on the ground-based weather radar observations and reported shallow storms (< 4 km) with intense reflectivity (> 35 dBZ). The higher values of reflectivity in most of the findings indicated the lightning producing cells. However, the presence of graupel itself is not always necessary and sufficient condition for lightning generation (Bech et al., 2013; Kumjian & Deierling, 2015) . Especially for shallow lake-effect thundersnow events, the electric field breakdown can happen due to large and tall anthropogenic structures (e.g., wind turbines and television towers) and lightning can occur in a stratiform region, that is, away from the core of convection (Schultz et al., 2018; Steiger et al., 2018) . Kingfield et al. (2017) showed a positive correlation between tall structures and CG occurrences, where the locations near to taller tower (> 400 m) experienced a median increase of 150% CG lightning density compared to the farther locations. Other past studies also have suggested that the presence of large ice particles (>30 dBZ) or graupel in the mixed-phase region is a good source of lightning electrification (Buechler & Goodman, 1990; Petersen et al., 1996; Williams et al., 1991 etc.) . These findings from satellite-based radar observations support that the noninductive charging may also be the dominant charge separation process in the thundersnow cases and consistent with previously reported ground-based weather radar observations.
Summary
In this study, snow lightning events over the United States are identified by using the NLDN and WWLLN lightning flashes collocated with MERRA-2 two-meter surface temperature. The combination of the GPM satellite, with its snowfall detection capability, and lightning strike measurements from WWLLN provides an opportunity to map thundersnow events with their radar properties globally. The main scientific findings from this study are summarized as follows:
Out of the total number of flashes (~675 million) from the NLDN over the United States, only about 0.03% happen when the surface temperature is below freezing (cold season lightning). By removing the freezing rain cases, about 21% of the cold season lightning flashes are classified as snow lightning flashes. Approximately 36% of snow lightning flashes are CG and~20% of them are positive in polarity, which is significantly higher than warm lightning flashes. Only about 27% of the warm lightning flashes are CG and 8% of them are positive in polarity. Approximately, 24% of the CG snow lightning flashes are found to have a multiplicity greater than 2.
Despite the different detection efficiency, snow lightning from NLDN and WWLLN are highly consistent. The snow lightning flash density map over the United States shows that the peak value is about 0.02 km −2 /year over the central United States. The locations of snow lightning from both sensors are consistent with each other and GSSD thundersnow locations and agree well with previously reported thundersnow locations. The most favorable months of the year are February and March as indicated by both lightning networks and are consistent with thundersnow days reported by GSSD. The NLDN and WWLLN snow lightning data show weak diurnal variations with slight early morning and nighttime maxima. Snow lightning is rarer when surface temperature is colder.
The flash density distribution of WWLLN snow lightning shows that the United States, Himalayan region, the Tibetan Plateau, areas near the Mediterranean Sea, eastern China, the Rocky Mountains, and a few European countries are favorable regions to have lightning when the surface temperature is below freezing. Most of these locations are consistent with GSSD thundersnow locations except for high mountainous regions, where surface station reports are not available.
The Ku-band radar from the GPM satellite and WWLLN lightning observations are used to define thundersnow features. Globally, only 443 features are identified as thundersnow during almost 4 years of observation. Most of them are found in the Himalayas, Tibetan, Andes, and Zagros mountainous regions. The lowelevation thundersnow features are mainly observed over land and coastal areas, especially in the central United States, western United States, Canada, the vicinity of the Mediterranean Sea, Scandinavia, western Iran, and eastern Russia. Interestingly, there are a few thundersnow features also observed in the Southern Ocean.
Most of the TSFs have maximum KuPR reflectivities greater than 30 dBZ with temperatures colder than −10°C. Similar to warm season thunderstorm electrification described by the noninductive charging hypothesis, the presence of large ice particles in the mixed-phase region could be responsible for the electrification of snowstorms. Although there is no significant relation found between TSFs and the snowstorm size, most of the TSFs are smaller than 10,000 km 2 .
This study utilizes satellite snowfall estimation from GPM Ku-band radar and lightning flashes from groundbased WWLLN observations. While these findings are interesting and introduce a methodology to identify thundersnow events and illustrate their characteristics, a few issues do exist in KuPR precipitation retrieval, WWLLN lightning detection, MERRA-2 temperature uncertainties, and collocation as highlighted in section 2. Despite these uncertainties and collocation issues, this study provides the first ever global thundersnow climatology and a summary of their radar reflectivity signatures.
